Mass stabilisation, a ground improvement solution used for construction in peatlands, involves mixing suitable dry binders into the peat to create a homogenous mass, that strengthens and stiffens the peat. A previous pilot study of the carbonation process in stabilised peat showed that it can be a net sink of CO2, as the binder takes in CO2 from the atmosphere and any CO2 released by oxidised peat due to carbonation. In this study extensive laboratory experiments were undertaken to investigate the key factors affecting the CO2 intake rate. A closed chamber method was applied over approximately 6 months to stabilised peat to calculate this rate. The studies revealed that both an increased cement content and a larger surcharge contributed to a larger CO2 intake rate. These intake rates decreased logarithmically with time, and surcharge was found to be a less dominant factor in influencing the CO2 intake rate over time. It was observed that the CO2 intake rate declined when a decrease in CO2 concentration occurred, and the replacement of cement with ground granulated blast-furnace slag had a negative effect on the CO2 intake rate due to its lower carbonation potential.
Introduction
Due to the high moisture content, low shear strength and high compressibility of peat soils, construction on peatlands normally requires piling or some form of ground improvement solution such as excavate-and-replace, dry soil-mixing or surcharging (Duggan et al. 2015b ). The choice of geotechnical solution in peatlands is not dictated solely by engineering considerations; economic and environmental considerations are also important. In particular, carbon emissions are an emerging environmental consideration in construction projects.
Peat stores approximately 30% (550 Gt) of the world's carbon (Parish et al. 2007 ), despite comprising only 3% of its land area. Construction-induced disturbance and drainage causes much of the carbon in peat to be released into the atmosphere as carbon dioxide (CO2) which contributes to global warming (Nayak et al. 2008 ).
Furthermore, the ability of peat to sequester carbon thereafter is lost (Lindsay 2010) .
The excavate-and-replace method, traditionally the most commonly-used ground improvement solution in peat, is subject to these drawbacks, and is no longer the automatic solution in such projects. Dry soil-mixing or mass stabilisation is becoming increasingly popular as a method of ground improvement worldwide, and is used extensively in Scandinavia and Japan (Timoney and McCabe, 2017) . Dry cementitious and/or pozzolanic binders are injected into the ground using an excavator armed with a mechanical mixing tool. It has been shown that cement binders and combinations of cement and ground granulated blast furnace slag (GGBS) typically provide the greatest improvement to the strength and stiffness of peat (Axelsson et al. 2002; Timoney et al. 2012a; Timoney et al. 2012b) . The impact of carbonation on the unconfined compression strength of stabilized soil has been examined by some authors; various soils were stabilised with either reactive magnesia or olivine and then carbonated artificially by forcing gaseous CO2 through the soil (e.g. Yi et al., 2013; Fasihnikoutalab et al., 2015) . However, there is a dearth of information on the impact of stabilising peat on site CO2 emissions.
While it is acknowledged that the production of the binder in dry soil-mixing can be environmentally costly in terms of carbon emissions, a pilot study by Duggan et al. (2015a) has shown that cement-stabilised peat takes in CO2 from the atmosphere and CO2 released by the oxidised peat due to carbonation, thereby rendering stabilised peat a net carbon sink. The favourable implications are illustrated in a case history of an Irish motorway on peatlands by Duggan et al. (2015b) , where the environmental impact of various ground improvement or foundation solutions, including dry soilmixing, were compared in terms of both Embodied Energy and Embodied Carbon.
A more comprehensive laboratory study of CO2 flux in stabilised peat and its influencing factors is presented in this paper, drawing on experience from the carbonation process in concrete and using appropriate statistics. The results will assist geotechnical engineers in making more informed decisions on the suitability of soil mixing for construction projects.
Closed chamber method Introduction
Soil cover methods are employed extensively to estimate CO2, methane (CH4) and nitrous oxide (N2O) fluxes from peatlands, grasslands, crops, ponds, woodlands and other land types. An example of a soil cover method is the closed chamber method, which has been applied in field studies by several authors, including Wagner et al. (1997) , Wang et al. (2006) , Glatzel et al. (2008) , Wilson et al. (2009) and Koehler et al. (2011) .
A collar constructed of non-reactive material such as stainless steel, aluminium or polypropylene is inserted into the ground on the target area prior to the start of the study (Parkin and Venterea 2010) . A chamber or lid, generally of the same material as the collar, is placed over the collar (temporarily) during gas sampling. A schematic of a typical closed chamber is shown in Figure 1 . Gas samples are retrieved over a short period of time to analyse the gas flux, defined as the rate of flow of a property per unit area, with dimensions: [quantity] [time] -1 [area] -1 .
The closed chamber method has also been employed in the laboratory where soil cores are extracted from the field and placed in columns with their bases capped (e.g., Jansen 2008; Guo et al. 2015; Susilawati et al. 2016) , with the advantage that environmental conditions can be regulated. During a gas sampling event, a removable bung with two holes (a pressure vent and a sampling port, see Figure 1 ), is placed on the column through which headspace air can be sampled. This laboratory version of the closed chamber method is applied in this study to investigate how binder type and content and environmental conditions affect the CO2 gas flux in stabilised peat.
CO2 and CH4 flux: linear and non-linear regression methods
Using a closed chamber method, gas fluxes are calculated by examining the rate of change in the gas concentration of interest in the chamber headspace (Parkin and Venterea 2010) . If this rate is constant, it can be calculated using the slope of the regression line (Cf-Ci)/t, where Cf and Ci are the final and initial gas concentrations (% of air), respectively, and t is the chamber deployment time (minutes). The average flux, f (in units of mgCO2/m 2 .h), is obtained by multiplying this rate by ρV/A, where ρ is the 6 density of the trace gas (kg/m 3 ), V is the chamber volume (m 3 ) and A is the area (m 2 ),
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Equation 1 Fick's first law of diffusion describes the exchange rate of a trace gas to be a function of its diffusion coefficient and the concentration gradient between the depth at which the gases are emitted or consumed and the earth's surface. The use of a linear model assumes that the rate of change in gas concentration is constant across the soilatmosphere boundary. However, natural gas fluxes are disturbed during closedchamber deployment as the concentration gradient immediately changes and continues to reduce the longer the chamber is deployed (Nakanoa et al. 2004) .
Therefore, linear regression may underestimate the true flux; nevertheless, it is used frequently for calculating gas fluxes (Saarnio et al. 1997; Alm et al. 2007; Forbrich et al. 2010 ). According to Anthony et al. (1995) , a linear regression approach allows measurement variability to be accommodated and facilitates goodness-of-fit testing to the observed exchange rate. By keeping the chamber deployment time brief (≤ 60 mins) to minimise error, the linear regression approach has been justified (Kutzbach et al., 2007) .
Non-linear regression methods exist that are based on diffusion theory and account for the curvilinear shape due to the build-up/depletion of the gas in question in the chamber. The HM model (Hutchinson and Mosier, 1981 ) is one such non-linear regression method which requires three equally-spaced points (Equation 2); C1, C2 and C3 are the chamber headspace gas concentrations at times 0, 0.5t and t respectively.
This expression is, however, highly sensitive to random variations in the trace gas concentrations; in particular, if the condition (C2-C1)/(C3-C2) > 1 is not reached, the flux cannot be estimated. Anthony et al. (1995) reported a 45% failure rate when the method was applied 2,224 times. A literature review of other non-linear regression methods developed can be found in Duggan (2016) .
The following concerns relate to the use of non-linear models in this study:
While non-linear methods have been applied to certain soil types to calculate gas fluxes, there is insufficient data to indicate their suitability to stabilised peat given the complex chemical and bacterial processes involved.
(ii) Non-linear models are often over-parameterised when the non-linearity is not particularly pronounced.
(iii) Non-linear models may not fully account for sudden variations in concentration data and, consequently, may estimate a large gas flux from sites with little or no flux.
Until some of the relatively new non-linear models are evaluated further, Parkin and Venterea (2010) recommend that the investigator apply linear regression when the non-linear HM model fails. Linear regression was used in this study, because the HM model was found to be unsuitable.
Carbonation process in stabilised peat -a hypothesis
Carbonation is a well-established phenomenon in concrete. Carbonate ions (CO3 2-),
formed from the dissolution of atmospheric CO2 in water, react in the pore solution with calcium ions (Ca 2+ ) from the cement paste to form calcium carbonate (CaCO3) precipitate (Equation 3). Carbonation reduces the pH of the concrete to a value below the passivation (the protective oxide layer) threshold of the embedded steel reinforcement bars, rendering them susceptible to corrosion (Papadakis et al. 1991) .
Equation 3 Given that CO2 and water are present in nearly every environment, stabilised peat is also susceptible to carbonation. Therefore, carbonation may occur either at the stabilised peat surface that is exposed to precipitation or anywhere within the stabilised mass where groundwater is present. Some of the factors most likely to affect the carbonation rate in concrete include degree of hydration, relative humidity, moisture content, temperature, concrete quality, particle size, external environment, porosity and CO2 concentration (Engelson et al. 2005) . Most of the factors cited are also relevant to stabilised peat; however, instead of concrete quality, the amount/type of binder and the gas diffusion coefficient of peat are influential. Appelo and Postmas (1993) suggested that organic matter decomposition can increase the CO2 concentration up to 50,000 ppm in organic soils. Therefore, in a stabilised organic soil, carbonation should occur at a faster rate than it would in an inorganic soil due to the higher CO2 concentration. The rise in temperature due to hydration reactions in the stabilised peat and the partial degradation of organic matter due to the soil mixing process may also lead to an increase in peat decomposition.
Carbonation in stabilised peat is likely to engender a more complex gas diffusion process than in concrete, involving diffusion from a carbonated surface to uncarbonated stabilised peat, not only by atmospheric CO2 but also by CO2 released within by peat oxidation. Atmospheric CO2, O2 to oxidize the peat and CO2 released by peat oxidation will all encounter difficulty diffusing through the stabilised peat as its capillary system may become blocked with water. Stabilised peat submerged in water carbonates more slowly as diffusion in a liquid is about 10,000 times slower than in air (Houst 1996) . Houst (1996) also proved that the diffusivity of CO2 is always lower than that of O2 suggesting that peat oxidation may occur before CO2 from the atmosphere diffuses to the same level, which is significant, as the cement is more likely to absorb CO2 from the peat than atmospheric CO2.
The carbonation rate decreases over time as the O2 to oxidise the peat and CO2 must pass through an ever-thickening carbonated layer. It also decreases due to the density increase associated with the transformation of Ca(OH)2 to crystallographic forms such as calcite (CaCO3), for example, the formation of calcite engenders a volume change of 12% (Houst 1996) . This in turn fills empty pore space, densifying the stabilised peat making it more difficult for O2 and CO2 to diffuse to the uncarbonated stabilised peat.
CO2 gas flux in stabilised peat
In order to apply the closed chamber method to stabilised peat, it is important to itemise the various contributions to the CO2 gas flux using this method. The gas flux, which is the concentration difference occurring in the headspace (CO2 cd,head) (4) over the duration of closed chamber deployment, can be broken into three components, shown in Equation 4 and highlighted by numbers 1-3 in Figure 2 .
CO2 cd,head (4) = CO2 peat (1) + CO2 i,peat (2) + CO2 i,head (3)
Equation 4 The various contributors to the CO2 gas flux in Equation 4 are explained below:
 CO2 peat (1) (mg CO2eq/m 2 /hr) is the mass of CO2 released by the organic matter in the stabilised peat as a result of oxygen in the aerobic layer oxidising the organic matter in the decomposition process (Equation 5). Decay also takes place at a lesser rate in the anaerobic layer where CH4 is produced. CH4 may then diffuse into the aerobic layer where it comes into contact with oxygen (O2), producing further CO2 and water (Couwenberg, 2009) (Equation 6). CO2 peat (1) is a positive term as it is a source of CO2.
CxHxOx+O2  CO2+H2O
Equation 5 CH4+O2  CO2+H2O
Equation 6  CO2 i,peat (2) (mg CO2eq/m 2 /hr) is the mass absorption of CO2 by the cement from the CO2 released by the peat; the CO3 2-ions produced are a result of carbonation according to Equation 3. This is a negative term as the cement is a CO2 sink.
is the mass intake of CO2 from the atmosphere/headspace into the stabilised peat due to a CO2 diffusion gradient produced by carbonation. CO2 i,head (3) is another negative term as it is a CO2 sink. CO2 carbonation is the sum of (2) and (3) and is the net intake of CO2 due to carbonation.
 CO2 cd,head (4) (mg CO2eq/m 2 /hr), the concentration difference in the headspace, can be a positive or negative term depending on the net CO2 flux, which is contingent on the degree of the carbonation and peat oxidation rates.
Experimental procedures
Two major studies (A and B) were carried out, each lasting 180 days. Study B was carried out to address some gaps in Study A, and there are also some overlaps for repeatability purposes.
Study region and soil sampling
The peat used in this study was sampled from a cutover upland blanket bog at Raheen
Bar Windfarm, about 10 km northwest of Castlebar, Co. Mayo, Ireland (53°53'47.2''N, 9°21'2.4''W). A hollow acrylic cylindrical tube (10 cm in outer diameter, 9.3 cm in inner diameter, 65 cm in height) was secured into a 10 cm diameter core sampler. The sampler was then slowly screwed clockwise into the catotelm to a depth of 50-60 cm and was retracted by unscrewing it in an anti-clockwise direction. This operation was performed very carefully to ensure minimal disturbance of the in-situ peat and water loss. Both ends of the peat-filled tube columns were covered with strong plastic bags, which were sealed and secured with thick rubber bands and then transported to the lab in large, sealed plastic bags.
Immediately after the peat cores were brought to the laboratory, the properties of the raw peat were examined. The peat retrieved was acidic with an average pH of 4.90 ± 0.69 (n=9) in Study A and 4.99 ± 0.54 (n=6) in Study B, both were classified to be at a H2-H4 stage of degradation (von Post 1922; Hobbs 1986 ). Bulk densities, water contents (at 105 o C) and organic contents (before stabilisation) are presented later in the paper. Organic contents were determined using Method C of ASTM D2974-07a
(ASTM, 2007) (loss-on-ignition at 440°C).
Laboratory stabilisation procedure
The peat was stabilised in a large soil pan mixer with either a single binder (cement, classified as CEM II A/L 32.5N) or a combination of two binders (cement and GGBS).
The average chemical properties of these binders are displayed in Table 1 ; there were slight differences in the properties of the cement used in Studies A and B.
In keeping with laboratory stabilisation procedures used by Åhnberg (2006) and Timoney (2015) , the mix was placed into the same cylindrical acrylic columns 
Laboratory setup, notation for experiment, and experimental conditions
The following notation system was used for specimens (referred to as 'large specimens' in Duggan (2016), Duggan et al. (2017) ): Capital letter_Number(Number)  The capital letters, A, B, represent Studies A and B respectively, while the first number after the letter corresponds to the column or specimen type (1 to 8), which reflects a particular binder type, content and environmental conditions (shown in Table 2 ).
 Where used, the second number, in brackets, represents the specimen replicate number (1, 2 or 3); i.e. specimens with the same binder type and content and subjected to the same environmental and experimental conditions.
These cylindrical specimens were therefore labelled: A1(1) to A8(3) (n = 24) for Study A, and B1(1) to B8(3) (n = 24) for Study B.
In Study A: (Table 3) .
 In practice, soil-mixed ground is usually subjected to a surcharge to help accelerate the strength/stiffness gain process. To explore the impact of the surcharge, columns A4 and A5 were subjected to surcharges of 6 kPa and 12 kPa respectively for the first 21 days of the 180 day experiment duration (A3 served as an unsurcharged reference test). Custom-made plastic pieces were devised to distribute the load evenly across the specimens, and holes were drilled into the connections so that atmospheric O2 and CO2 could access the stabilised peat during the first 21 days over which the surcharge was applied.
 To investigate the influence of binder type, varying levels of cement and GGBS were trialled. Columns A6 and A7 both had 250 kg/m 3 of binder, but A6 had a 3:1 cement to GGBS ratio, while A7 had a 1:3 cement to GGBS ratio. Again, A3 acted as the 100% cement reference.
 Column A8 contained only peat, serving as a control for Study A.
In Study B:  B8 contained 250 kg/m 3 of cement binder and was subjected to 12 kPa of surcharge. The effect of surcharge could once again be considered by comparison with B3 (6 kPa) and B4 (0 kPa).
 As in Study A, the surcharged specimens were subjected to a pressure for 21 days.
The unstabilised and stabilised properties (density, moisture and organic contents) of the specimens mixes used to create the specimens are summarised in Table 3 . The water table was kept at the bottom in all specimens except for B5 and B6, and every fourth day, the equivalent of 0.74 mm/day of rainfall (the maximum value dictated by practical considerations) was sprayed onto the specimens. The specimens were set up in a temperature-controlled room, the temperature maintained at 20°C and the humidity at 70% by using a dehumidifier. In Studies A and B, the background CO2 concentrations in the control room averaged 741 ± 74 ppm (± 1 standard deviation) (n = 3151) and 701 ± 52 ppm (n = 4060) respectively. These data indicate that Studies A and B were conducted under comparable environmental conditions.
Gas flux calculation and comparison procedure
Gas analysis procedure for CH4 and CO2 analysis
The closed chamber method required rubber bungs to plug the columns during gas sampling. A 6 mm diameter hole was drilled into the bungs, and a butyl septum placed inside. To maintain pressure equilibrium and avoid pressure perturbations during gas sampling, a vent was drilled into the bungs. The gas sampling holes were closed with septa, and the vents were loosely closed with plug fittings. A schematic of the bung used to carry out gas sampling in these studies is shown in Figure 3b .
To initiate gas sampling, a bung was placed slowly on each column to equalise pressure. As recommended by Parkin and Venterea (2010) in the Chamber-Based
Trace Gas Flux Measurement Protocol, these bungs were kept on the columns for a maximum chamber deployment time of 60 minutes. For Study A, the deployment time was 60 minutes, while for Study B it was only 40 minutes. The reasons for the shorter deployment time in the latter case are discussed in the Discussion Section 'Underestimating the true flux'.
At each gas sampling event in Study A, samples were retrieved at 0, 20, 40, and 60 minutes; however, an extra sample was taken at 10 minutes from day 15 onwards as it was felt that this would add greater resolution to the results. At each gas sampling event in Study B, samples were retrieved at 0, 5, 10, 20, and 40 minutes. For the surcharged specimens, the surcharge was removed temporarily during the gas sampling period (i.e. during the first 21 days). Gas sampling events initially took place every 2 to 3 days, but later, sampling frequency was reduced to every 4 to 5 days, up to the end of the experiment at 180 days.
When a gas sample was removed from the headspace in Studies A and B, air invariably entered the chamber through the 4 mm vent tube, resulting in a dilution of the analyte in the chamber headspace. The error associated with this dilution effect is a function of both the sample volume withdrawn and the chamber volume to surface area ratio. However, the chamber volume to surface area ratios (> 10) and sample volumes (< 30 ml) used mean that a dilution effect correction was not needed Parkin and Venterea (2010) . At each gas sampling event, the heights of the peat and stabilised peat were updated as corresponding changes to the chamber headspace volume were relevant to the flux calculations.
Gas samples were taken from the closed chambers with a 5 ml syringe and injected into 4 ml pre-evacuated vials. The samples were then injected into an Agilent 7890A
Gas Chromatograph (GC). CH4 and CO2 concentrations were analysed using the GC equipped with a 1/8-inch (3.2 mm) stainless steel packed column (HayeSep Q 80/100) and a thermal conductivity detector (TCD). The measurements had a relative standard deviation (RSD) of < 1%.
CO2 and CH4 flux calculations
Gas fluxes were calculated using Equation 1 over the following periods: 0 to 10 mins (Study B only), 0 to 20 mins, 0 to 40 mins and 0 to 60 mins by examining the rate of change in gas concentration in the closed chambers over those periods (note a positive gas flux represents a CO2 release, and a negative gas flux represents a CO2 intake). At least three data points are required for gas flux analysis, so the 0 to 10 minute flux in Study A and the 0 to 5 minute flux in Study B, both based on two data points, were disregarded.
Fluxes for CH4 were calculated similarly to CO2 fluxes, but the CH4 fluxes were converted to CO2 equivalent fluxes, by multiplying the gas flux by 25, the 100-year Global Warming Potential (GWP) for methane (Forster et al. 2007) , allowing them to be combined with CO2 fluxes to give an overall flux measured in CO2 equivalents (CO2eq).
Statistical analysis
The effect of variables (predictors) such as time, surcharge and cement content on the CO2 flux from stabilised peat was examined initially using correlation statistics in Minitab 17. Bivariate correlation analyses were performed to indicate if independent variables had an effect on or a relationship with the dependent variable and were judged by their p-value significances. A p-value of less than 0.05 was considered to signify a significant correlation between the independent and dependent variable examined. Correlation statistics and linear regression models were an important first step in understanding the CO2 flux in stabilised peat.
Multiple linear regression analyses were also carried out using Minitab 17 and a backward elimination method was used to produce best-fit statistical models for the After producing best-fit models for the CO2 flux from the stabilised peat in Studies A and B separately, a multiple linear regression meta-analysis was carried out on the combined dataset.
The sensitivity of the final statistical models, developed from the CO2 gas flux results, to changes in the input variables was examined. The global sensitivity analysis performed adjusted more than one variable at a time, and Monte Carlo simulations were run for multiple combinations of inputs to find the sensitivity of the final statistical models and to discern to which variables the final model was most sensitive. Each simulation was run 1000 times with the help of the random and normdist functions and the data table tools in MS Excel.
Results:
CO2 fluxes
Linear regression method
In each study, the gas flux results from replicates (e.g. A1(1), A1(2) and A1(3)) were combined in order to compare each group (A1, A2, A3 etc.). The average CO2 fluxes from each of the stabilised peat columns in Studies A and B were negative over the entire 180-day duration, indicating that the carbonation rate was greater than the peat oxidation rate, in contrast to the raw peat columns which released CO2. These findings were in keeping with the preliminary study by Duggan et al. (2015a) . By way of example, the 95% confidence interval of the mean of the 40-minute flux data from the stabilised peat was found to lie between -60 and -54 mgCO2eq/m 2 /hr over all columns in Study A and between -87 and -78 mg CO2eq/m 2 /hr over all columns in Study B.
The CO2 intake rate in the stabilised peat columns in Studies A and B decreased over the 180 days as the carbonation depth increased (p < 0.001). A typical graph of the change in CO2 flux from stabilised peat over the duration of the experiments is given in Figure 4 (for A1 (1) (ii) In Study A, substituting GGBS for cement had a negative effect on the CO2 intake rate, a logical outcome since the carbonation potential of GGBS is lower than cement on account of its lower CaO content.
(iii) As evident in the interval plot for 40-minute fluxes in Figure 5 , surcharged specimens had a greater CO2 intake rate than the unsurcharged specimens (p < 0.001). Also, the greater the surcharge applied to the stabilised peat, the greater the CO2 intake (p < 0.001).
(iv) The greatest mean CO2 intake rates in Study A and B were specimens which had been surcharged with the maximum deployed magnitude of 12 kPa.
(v) In Study B, the high water table in B5 gave a lower CO2 intake rate than the other specimens as anticipated, as carbonation is slower in water.
(vi) As expected, the peat specimens B6, whose water table was at the surface, had significantly higher emissions than the corresponding drained specimens B7 (p ≤ 0.001). The high laboratory temperature of 20°C produced high CH4 emissions in the raw peat columns (high water table) B6(1) and B6(2).
Non-linear regression methods
The HM method (Hutchinson and Mosier, 1981) was tested in Study A. The method failed to give a flux value in 26% of 1248 cases, and some carbonation rates calculated were considered unrealistic; for instance, rates of over -2×10 6 mg CO2/m 2 /hr for the stabilised peat were derived. It was concluded, therefore, that this method was highly sensitive to fluctuations in concentration measurements and could not be applied to stabilised peat.
Multiple linear regression analysis Introduction
For an in-depth analysis of the variables that affected the CO2 intake rate, multiple linear regression analyses were undertaken. As temperature and relative humidity were kept constant throughout the 180 day period, these factors were not examined.
The variables examined in Study A were: initial CO2 concentration in the chamber headspace (% CO2 in air), cement content (kg/m 3 ), GGBS content (kg/m 3 ), surcharge (kPa), time (days) and initial moisture content of the natural peat (%). In Study B, the variables examined were: initial CO2 concentration, cement content, water table, surcharge, time, and initial moisture content of the natural peat (%). A binary variable was assigned to the water table for the regression analysis. The value 0 was assigned to a low water table and 1 to a high water table.
Variables controlling CO2 flux in stabilised peat (Best-fit models)
The 1092 data points for the 20, 40 and 60-minute fluxes were used to derive the bestfit model for the 21 stabilised peat columns in Study A (Equation 7). It was discovered that the CO2 flux was related significantly to the initial CO2 concentration, the natural logarithm of time, surcharge, GGBS content and cement content. As anticipated, due to the relatively high moisture content of all the peat specimens, the initial moisture content of the peat was not a significant variable.
The 40-minute fluxes were found to provide the best-fit statistical model, the reasons for which are discussed later, and include the natural logarithm of time, initial CO2 concentration, surcharge, cement content, and two interaction variables, cement*GGBS and surcharge*time (where * denotes an interaction). The 792 data points for the 10, 20 and 40-minute fluxes were used to derive the best- The significant variables identified in Studies A and B for the best-fit statistical models explained 66.1% and 68.42% of the variability for the 40-minute fluxes respectively (Table 4) . These variables had either positive or negative effects on the CO2 flux. The following is a summary of these effects:
 The replacement of cement with GGBS decreased the CO2 intake rate, which is reflected in the interaction variable, cement*GGBS in Study A.
 While cement content and surcharge increased the CO2 intake rate in both experiments, time was predicted to decrease the CO2 intake rate in both experiments.
 The surcharge*time variable had a negative effect on the CO2 intake rate, meaning that the effect of the surcharge on the CO2 flux waned over the duration of the experiments.
 A higher initial CO2 concentration (significant in Study A only), increased the CO2 intake rate, while a high water table decreased the CO2 intake rate in Study B.
Sensitivity of best-fit models
The sensitivity of Equations 7 and 8 to changes in the input variables was checked to establish which variables most affected the models. The range limits in Table 5 were used as the input variables for these analyses.
All input factors were sampled from the probability density functions defined for each input. For Equation 7 derived from Study A data, the cement*GGBS term was not 
Comparisons of CO2 fluxes between Studies A and B
Some mixes produced in Study A were replicated in Study B to investigate if they would produce the same gas flux results (i.e. A3 and B4, A4 and B3, approximate comparison for A5 and B8; see Table 2 ). Bearing in mind that there were differences in the number and distribution of CO2 sampling times over the 180 day period, oneway ANOVA analyses on the 20 and 40-minute flux data shows that:
(i) The identical surcharged mixes A4 and B3 (6 kPa) had similar CO2 intake rates (p > 0.05).
(ii) The 12 kPa surcharged specimens A5 and B8 had similar CO2 intake rates (p > 0.05), the largest rates of all the specimens.
(iii) Identical mixes A3 and B4 (unsurcharged) were significantly different from each other (p < 0.001). It was thought that this difference may have been due to the higher CaO content of the cement used in Study B, which meant the cement had a greater carbonation potential. In Study A, the CaO content of the cement was 24 only 62.5 ± 1.37 (n = 3) while in Study B it was 64.74 ± 0.64 (n = 5); see Table 1 .
The surcharging in (i) and (ii) may have masked possible differences arising from different CaO contents.
Meta-analysis
Variables controlling CO2 flux in stabilised peat (best-fit model)
A meta-analysis was performed on the combined dataset from Studies A and B with a view to improving the precision of the relationships between the gas flux and its influencing factors. Generally, a meta-analysis provides stronger evidence for the hypotheses, enables results to be generalised to a larger population, and helps determine if further studies are needed to investigate an issue.
Only the 20-and 40-minute fluxes were used in the meta-analysis; the chamber deployment time in Study B was only 40 minutes (thereby excluding the 60-minute flux), and no 10-minute gas sample was retrieved in Study A until day 15 (thereby excluding the 10-minute flux). For the fluxes considered, 1884 data points were used to produce each model for the 39 stabilised peat columns. From the meta-analysis, the CO2 flux was found to be significantly related to the natural logarithm of time, surcharge, cement content, GGBS content and initial CO2 concentration. Cement, however, was not significant on its own for the 20-minute flux.
Water table depth was not found to be significant as the unsurcharged columns in Study A had lower CO2 intake rates than the unsurcharged columns in Study B. Again, CaO content differences are believed to provide the explanation.
The 40-minute fluxes again provided the best-fit statistical model which included the natural logarithm of time, cement content, initial CO2 concentration, surcharge, and interaction variables, surcharge*time and cement*GGBS. These variables explained 63.74% of the variability for the 40-minute fluxes (Equation 9 and Table 6 ). Sensitivity analysis of best-fit meta-analysis model
The boundary conditions applied to the input variables for the sensitivity analysis on
Equation 9 were the same as for Study A in Table 5 . The sensitivity of the metaanalysis model to each input variable is shown in Figure 7 . As expected, the mean flux was again most sensitive to time, changing the average flux by 221%. The flux was also quite sensitive to the interaction variables surcharge*time and cement*GGBS, with maximum percentage changes in the average flux of 75% and 43%, respectively.
Discussion X-ray Diffraction Analysis
In order to verify that the cement in stabilised peat was taking in CO2, some carbonation techniques were used, one of which was X-ray diffraction analysis (XRD).
Figure 8(a) shows a stabilised peat sample from A5(3) depth d = 0mm that is considered carbonated as its maximum phase occurs at 29.4°, signifying calcium CaCO3. In Figure 8 (b), a non-carbonated or partially carbonated sample from A5(3) at d = 50mm shows high Ca(OH)2 peaks in addition to a reduced-intensity phase at 29.4°
(compared to Figure 8(a) ), which could represent either the original cement constituents or calcium carbonate, as both phases overlap.
From the analysis of the specimens, the CaCO3 peak increased in intensity over time (p=0.000) and the depth at which carbonation was occurring was observed to increase over time (p=0.000). This confirms that CO2 was being absorbed by the cement throughout the experiment. An in-depth review of the application of carbonation depth techniques to stabilised peat is provided by Duggan et al. (2017) .
Underestimating the true gas flux
As explained earlier, gas fluxes are disturbed during chamber deployment as the concentration gradient changes immediately and continues to decrease the longer the chamber is deployed. Therefore, linear regression underestimates the true flux; the true flux is that which would have occurred in the stabilised peat had it not been restricted by the closed chamber. This is evident from the slope in Figure 9 , which shows that the 60-minute flux is lower than the 40-minute flux; when considered with fluxes calculated over other durations in Studies A and B (Table 7) , it can be concluded that, in general, the longer the deployment time, the smaller the flux. However, an examination of the variables that influence the CO2 flux most indicates that a smaller deployment time is not necessarily the solution (as discussed in the next section), as the flux becomes more sensitive to the accuracy of the gas chromatograph and the variability in the peat emission rate and the carbonation process. There is, therefore,
an optimum flux time that should be used to investigate the variables that influence the CO2 flux.
Goodness-of-fit of linear regression Introduction
While multiple linear regression analysis was the first indicator of the most suitable flux times and showed that both the 20 and 40-minute fluxes gave good predictive models, an examination of the application of linear regression to the gas concentration data also indicates which flux times were most appropriate. A procedure for determining the best duration over which to calculate flux is broadly outlined in the following sections.
Evolution in the goodness-of-fit of linear regression (Stages 1, 2 and 3)
The Stage 1 corresponded to the period for which the CO2 intake rate was at its highest.
For a gas flux calculated using a short chamber deployment time (≤ 20 minutes), a better linear regression fit was recorded than when a longer deployment time was used (>20 minutes) (Figure 10(a) ). The longer the deployment, the more non-linear the gas concentration against time data became. The effect of the chamber deployment is evident in Figure 10 (a) as the gas concentration remained relatively constant after 20 minutes.
In Stage 2, the goodness-of-fit of linear regression on the CO2 concentration data was much better than in Stage 1, as demonstrated by higher R 2 values (Figure 10(b) ). This was due to the lower CO2 intake, which decreased over time and resulted in the effect of the chamber deployment time having less of an influence on the gas flux.
In Stage 3, the carbonation rate decreased to a point where the effects of the variability in the peat emission rate and the carbonation process became more prevalent as did the measurement accuracy of the gas chromatograph (GC) ( Figure 11 ). As shown in Figure 10 (c), the concentration drop over 60 minutes was less than 20% compared to
Figures 10(a) and 10(b) where the drops were over 70%.
The period of time over which a gas flux should be calculated
In general, a smaller chamber deployment time is recommended for the calculation of gas fluxes from peat, but an examination of the variables that affect the gas flux from stabilised peat (as illustrated in Figure 11 ) suggests that this is not necessarily the case. Due to the lower CO2 intake rate over the full duration of the experiments, the measurement accuracy of the GC as well as the effects of the small variability in the peat emission rate and the carbonation process were very prevalent for the 10-minute flux results. Hence, the 10-minute flux was not the most appropriate flux time. Neither was the 60-minute flux the most appropriate flux time due to a poor goodness of fit of linear regression in the first 36 days as a result of the chamber deployment time. Due to the reasons outlined in this section, the 20 and 40-minute flux provided the best-fit statistical models for Studies A and B.
While the use of the 20 and 40-minute fluxes were found to be the most appropriate for evaluating the true gas flux in the stabilised peat used in this study over 180 days, further investigation is needed to develop a general system for guiding the choice of an appropriate flux time, reflecting peat type, binder type and content and environmental conditions.
Conclusions
A closed chamber method, employed extensively in environmental applications to quantify CO2 fluxes between the soil and the atmosphere, was applied to investigate the carbonation potential of stabilised peat. Extensive research was carried out to examine the CO2 gas flux at the soil-atmosphere interface in the context of different binder types, binder contents, and environmental conditions. From the CO2 flux results, the following conclusions can be drawn:
(i) While the raw peat was found to be a net source of CO2 influenced by water levels, stabilised peat proved to be a net sink of carbon, taking in CO2 from both the atmosphere and oxidised peat.
(ii) The variable that had the greatest influence on the CO2 fluxes in stabilised peat was time, with the CO2 flux decreasing logarithmically with time (up to the 180 day duration of this study).
(iii) While cement content and surcharge increased the CO2 intake rate in both studies, the effect surcharge had on the CO2 intake rate diminished over time.
(iv) The CO2 intake rate declined when a decrease in CO2 concentration occurred, and the replacement of cement with GGBS had a negative effect on the CO2 intake rate due its lower carbonation potential.
(v) The presence of a high water table was associated with a greater CO2 intake rate than a low water table.
(vi) CO2 intake rates were generally higher in Study B, and it was thought that this difference was due to the higher CaO content of the cement used in Study B, which had, as a result, a greater carbonation potential and was capable of taking in more CO2 due to carbonation.
(vii) A period of time greater than 10 minutes, but not exceeding 40 minutes, should be used to calculate the CO2 flux for stabilised peat for a 180-day study. These recommendations stem from the examination of the linearity of the fluxes, the accuracy of the GC measurements and the underestimation of the true flux.
These findings have important implications for carbon calculations relevant to soilmixing applications, allowing geotechnical engineers to make more informed decisions on the suitability of this technique for construction projects in peatlands. Additionally, it provides a platform for further research in this area as a framework for interpreting gas flux measurements in stabilised peat has been put forward. Percentage change that max and min value of the input variable has on average flux (%) 
